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Abstract. Agricultural system models are useful tools to synthesize field experimental data and to 
extrapolate the results to longer periods of weather and other cropping systems. The objectives of 
this study were: 1) to quantify the effects of crop management practices and tillage on soil water and 
spring wheat production in a continuous spring wheat system using RZWQM2 model under a dryland 
condition, and 2) to extend the results to longer term weather conditions and alternate cropping 
systems and management practices. Measured soil water content, crop yield, and total above ground 
biomass under different tillage and plant management practices were used to calibrate and validate 
the RZWQM2 model. The model showed inevident impacts of tillage and significant reduction in 
grain yield and biomass under late planting, in agreement with observed differences among 
treatments. The hydrologic analysis under long-term climate variability showed a large water deficit 
(32.3 cm) for the spring wheat crop; Fallowing the dryland every other year conserved 4.2 cm water 
for the following wheat year, of which only 1.7 cm water was taken up by wheat, resulting in a yield 
increase of 249 kg ha-1 (13.7%). However, the annualized average total yield decreased 782 kg ha-1 
(43.1%) due to one year fallow; thus the spring wheat-fallow rotation was not economical. Other 
long-term simulations showed that optimal planting dates ranged from March 1 to April 10, and the 
seeding rate with optimum economic return was 3.71 and 3.95 × 106 seeds ha-1 for conventional and 
ecological management treatments, respectively. 
Keywords. RZWQM2, spring wheat, Great Plains, tillage, planting date, planting density, fallow 
 Introduction 1 
Spring wheat (Triticum aestivum L., excluding durum wheat) was harvested on 5.35 million ha of 2 
croplands in the United States in 2011, with 89.1% occurring in the northern Great Plains (NGP) 3 
states including North Dakota, Montana, Minnesota, and South Dakota. Montana had the 4 
highest percentage of spring wheat acreage (31.3%) among all spring wheat production states 5 
(USDA-NASS, 2011a). The 2007 Agricultural Census showed that about half of the spring 6 
wheat acreage in Montana was under a continuous spring wheat production system while the 7 
other half was in a two-year spring wheat-fallow system. Most of this spring wheat area (95.4%) 8 
was rain-fed (USDA-NASS, 2007).   9 
The lack of available water for crop growth is the primary factor affecting dryland spring wheat 10 
production in the NGP. A spring wheat yield trial conducted at Sidney, MT, with over 70 varieties 11 
during 2005-09, showed that the yield of dryland wheat was about 30% less than that of the 12 
irrigated crop (Joyce Eckoff, personal communication). Brown et al. (1981) reported that spring 13 
wheat yield increased 135 kg ha-1 with every one cm increase in plant water use in Montana and 14 
North Dakota. A similar relationship between spring wheat yield and plant available water was 15 
also found in the inland Pacific Northwest (Schillinger et al., 2008). Winter wheat yields in the 16 
Central Great Plains  increased by 141 kg ha-1 for every one cm increase in plant available 17 
water in the soil at planting (Nielsen et al., 2002) and by 125 kg ha-1 for every one cm of water 18 
use after 13 cm of water use (Nielsen et al., 2011). 19 
Various management strategies have been proposed and applied to cope with soil water 20 
shortage for dryland spring wheat production in the NGP, including no-tillage and reduced tillage 21 
with residue mulching, and changes in crop rotations. Fenster (1973) reported that the soil water 22 
storage efficiency increased from 16 to 31% in Montana by adding surface residue cover during 23 
summer fallow. Nielsen and Vigil (2010) reported precipitation storage efficiency during the 24 
fallow period of a winter wheat-fallow system increased from 20% with conventional tillage 25 
fallow management to 35% for no-till management in Colorado. In general, a higher percent of 26 
residue cover would lead to higher soil water storage (Tanaka and Aase, 1987). Lenssen et al. 27 
(2007) documented that zero tillage often provided higher soil water content at planting. 28 
However, Deibert et al. (1986) found that the difference in water storage between no-till and 29 
tilled field in North Dakota was not evident, neither was the difference in evapotranspiration 30 
between continuous spring wheat and spring wheat-fallow treatments.  31 
For better weed control, a delay in planting from mid-April to mid-May for spring wheat is 32 
proposed to allow a mechanical weed control before planting (Sainju et al., 2011). However, this 33 
delay reduces the length of growth period, which could reduce biomass accumulation. 34 
Furthermore, the associated changes in phenology might alter the timing of water stress relative 35 
to plants development, possibly reducing dryland crop yield. To compensate for a short growing 36 
season and less biomass accumulation, and to suppress weed, a higher seeding rate is used 37 
when the spring wheat is planted in mid-May. The late planting date along with high seeding 38 
rate is called ecological management, as opposed to the conventional management with 39 
customary planting date and seeding rate.   40 
Agricultural system models, which include the interactions among the various processes and 41 
factors in the system, are useful tools to evaluate various agronomic management practices 42 
after careful calibration. The Root Zone Water Quality Model 2 (RZWQM2) including DSSAT v 43 
4.0 cropping system models (CSM) has been successfully used to simulate water availability 44 
and crop production under long-term weather conditions and various management practices. 45 
Thorp et al. (2007) and Qi et al. (2011b) documented that the RZWQM2 model adequately 46 
simulated hydrology, crop yield, and N dynamics during the validation period. The model was 47 
 then employed to predict crop production and water balance over 40 to 45 years. Using the 48 
successfully validated RZWQM2 model, Ma et al. (2007) and Malone et al. (2007) simulated 49 
crop yield and water quality under additional fertilization, drainage, and crop management 50 
practices. In the semi-arid Great Plains, Saseendran et al. (2005) reported that both RZWQM2 51 
and CERES-Maize (Crop Estimation through Resource and Environment Synthesis) models 52 
accurately predicted the observed decline in corn yield with delayed planting dates. The 53 
RZWQM2 model adequately simulated the yield and biomass for dryland winter wheat, corn, 54 
and proso millet in semi-arid eastern Colorado, and the model was subsequently used to 55 
simulate crop yield under potential crop rotations (Saseendran et al., 2010).  56 
However, there is limited information on the simulation of spring wheat water use and yield in 57 
the semi-arid northern Great Plains. Chipanshi et al. (1997) reported a successful simulation 58 
study for spring wheat production using CERES-Wheat v 3.5 at three sites in central and 59 
southern Saskatchewan, Canada, and the ratio of simulated to observed total above ground 60 
biomass at various growth stages ranged from 0.64 to 1.62 over the three locations. However, 61 
an earlier modeling study conducted in Saskatchewan suggested that both CERES and EPIC 62 
(Erosion/Productivity Impact Calculator) simulated the annual spring wheat yield poorly, even 63 
though the predicted long-term mean yield was reasonably accurate (Moulin and Beckie, 1993). 64 
A new version of CERES-Wheat (v 4.0) has been released. The purpose of this study was to 65 
simulate the water availability and spring wheat production under conventional and ecological  66 
management practices in the NGP under both tilled and no-tilled treatments using RZWQM2 67 
with DSSAT v 4.0 CSM CERES-Wheat model. The specific objectives of this modeling study 68 
were to: 1) quantify the effect of planting date, seeding rate, and tillage on dryland spring wheat 69 
production in terms of soil water, yield, and biomass; 2) extend the results to longer term 70 
weather conditions and alternate cropping system and management practices. 71 
Materials and Methods 72 
RZWQM2 Model 73 
RZWQM2 (version 2.40, 2011) is a one-dimensional agricultural system model including 74 
hydrology, nutrients and pesticide transport and transformation, plant growth, and management 75 
practice components (Ahuja et al., 2000). Infiltration from rainfall, irrigation, and snow melt is 76 
computed using the Green-Ampt equation. Water redistribution in the soil profile, considering 77 
plant uptake as a sink, is simulated by the Richards equation. When the incoming water flux 78 
exceeds the soil infiltration capacity, the difference will be diverted into macropore flow, if there 79 
are macropores. Otherwise this excessive water becomes off-site runoff. The nutrient chemistry 80 
processes model incorporated in RZWQM2 is OMNI (Shaffer et al., 2000. The DSSAT family 81 
(Ver. 4.0) of CSM (CROPGRO and CERES) was incorporated into RZWQM2 (Ma et al., 2005; 82 
2006) and the CERES-Wheat model was used in this study (Jones et al., 2003; Ritchie et al., 83 
1998).  84 
Field Experiment and Measurements 85 
The field experiment was conducted from 2004 to 2010 on the Rasmussen dryland farm site, 86 
located 11 km west of Sidney (47° 46′N, 104° 16′W) in eastern Montana, USA which is part of 87 
the on-going project managed by the USDA-ARS Northern Plains Agricultural Research Lab 88 
(NPARL). The soil was mapped as a Williams loam (fine-loamy, mixed, superactive, frigid Typic 89 
Argiustolls) formed in calcareous glacial till parent material with 0 – 4% slope. The experiment 90 
included continuous spring wheat treatments that were designed to investigate wheat yield 91 
under various management practices including tillage, planting date, seeding rate, and stubble 92 
 height. The treatment factors were tillage (conventional tillage and no-till) and plant 93 
management (conventional management and ecological management), resulting in four 94 
treatments: conventional tillage and conventional management (CTC), conventional tillage and 95 
ecological management (CTE), no-till and conventional management (NTC), and no-till and 96 
ecological management (NTE). The treatments were arranged in three randomized complete 97 
blocks using a split-plot design with main plots treated with two tillage practices. There are 3 98 
replications for each treatment and individual plot measured 12 m ×12 m.  99 
 Conventional tillage prior to planting was one-pass field cultivation  to a depth of 7–8 cm with C-100 
shank sweeps on 45 cm spacing and 60 cm length coil-tooth spring harrows. The conventional 101 
management had customary planting dates (mid- to late-April), a customary seeding rate (2.22 102 
× 106 seeds ha-1), while the ecological management included later planting dates (about 3-4 wks 103 
later than conventional management) with a higher seeding rate (2.97 × 106 seeds ha-1, Table 104 
1). Urea fertilizer was broadcast prior to planting for conventionally managed spring wheat, 105 
while ecological management treatments were banded at planting 5 cm beneath and to the side 106 
of seed. Nitrogen fertilizer was applied at a rate of 107 kg N ha-1 in 2004-2008, and at 107 
approximately 50 kg N ha-1 in 2009 and 2010 based on soil nitrate test and target yield. 108 
Phosphate (MAP; 11-52-0) and potash (KCL; 0-0-60) were also banded at planting at 56 and 45 109 
kg ha-1, respectively.  110 
Climate data needed to run the RZWQM2 model were collected from an automated weather 111 
station starting in 2000 and are available at the NPARL weather network 112 
(http://216.228.51.248/awn/). Soil particle size distribution and bulk density were measured in 113 
2010. Soil cores were used to measure bulk density and water content from oven-dried 114 
undisturbed soil cores as mass of oven dried soil per volume of core. Particle size distribution 115 
was determined using the hydrometer method. 116 
Soil water content was measured using a neutron probe at five depths of 0-34, 34-53, 53-76, 117 
76-107, and 107-120 cm. The neutron probe was calibrated in the laboratory using a barrel 118 
method with soil obtained from the field site packed to the original bulk density (Chansyk and 119 
Naeth, 1966). Total above ground biomass was measured at harvest, by clipping all the wheat 120 
plants within two randomly located 0.5 m2 quadrats in each plot. A small plot combine was used 121 
to harvest all wheat grains in each plot and measure yield.        122 
Model Inputs and Calibration 123 
Field management parameters for the model simulation such as sowing and harvest dates, 124 
seeding rates, fertilization, stubble height, as well as tillage, were obtained through field 125 
observation and management records. The weather data, including hourly precipitation, daily 126 
maximum and minimum air temperature, solar radiation, wind speed, and relative humidity, 127 
were examined for outliers before being input into the model. Soil bulk density and soil texture 128 
were measured from field samples obtained from the experimental site while other hydraulic 129 
parameters such as Brooks and Corey parameters for soil water contents at various potentials 130 
were calibrated for RZWQM2 using observed soil water data. Crop growth and development 131 
parameters were calibrated against observed yield and biomass data.  132 
The calibration was conducted following the protocol provided by Ma et al. (2011). The protocol 133 
suggested two options for a model calibration strategy: selecting one treatment in one or 134 
multiple years, or using multiple treatments in one year. In this study, we chose the first option 135 
by using data from one treatment over all the years (2004-10) which included wet (2010), 136 
average (2005), and dry (2008) years. The CTC treatment was selected as the calibration 137 
treatment. The calibration procedure was in the order of soil moisture, biomass, and yield, and 138 
 was then iterated several times. We also followed the protocol by checking outputs which were 139 
not measured in the field for reasonable values of traits, such as anthesis and maturity dates.         140 
Soil Hydraulic Parameters 141 
Soil hydraulic parameters, which were mainly calibrated against soil water content data, as well 142 
as measured bulk density and soil texture, are listed in Table 2. The saturated hydraulic 143 
conductivity and residual soil water content were computed by the pedotransfer function 144 
package Rosetta using bulk density and soil texture (Schaap et al., 1998). The bubbling 145 
pressure (also known as air entry pressure) and pore size distribution index of the Brooks and 146 
Corey equation were initially taken from default values in Ma et al. (2011) and subsequently 147 
calibrated with measured soil water content of each soil layer. In our case, the default bubbling 148 
pressure and pore size distribution index, in general, led to an overestimation of soil moisture for 149 
all layers. The Brooks and Corey parameters for all soil layers were adjusted manually layer by 150 
layer from top to bottom. Our experience showed that pore size distribution index was more 151 
sensitive than bubbling pressure in soil water simulation. Pore size distribution index was 152 
increased to reduce the overall simulated soil water content, and the bubbling pressure was 153 
further reduced to get a better fit of low soil moisture during the summer.    154 
Crop Parameters 155 
Crop parameters were manually adjusted to fit measured biomass and yield components. 156 
Because phenology was not recorded in this study, parameters that affect the growing season 157 
length were estimated from information in the literature. The 4.0 version of CERES-Wheat for 158 
spring wheat has not been tested in the NGP but an earlier version 3.5 was calibrated for 159 
southern Saskatchewan and Alberta, Canada (Chipanshi et al., 1997; Toure et al., 1994). The 160 
parameters in those studies with CERES v 3.5 were converted to equivalents for the CERES v 161 
4.0.  162 
The parameter P1V (vernalization days) was set equal to zero because it is generally accepted 163 
that spring wheat does not need to be vernalized; in the literature assigned model values of P1V 164 
ranged from 0 to 30 degree days (Toure et al., 1994; Chipanshi et al., 1997; McMaster et al., 165 
2008). Although Sherman et al. (2010) stated that Reeder spring wheat was insensitive to 166 
photoperiod, the parameter P1D (development reduction) was calibrated with a value of 21%, 167 
suggesting a low sensitivity to photoperiod, rather than zero which would lead to a shorter 168 
simulated growing season length. This value is higher than 12% reported by Thorp et al. (2010). 169 
It is comparable to 20% in Toure et al. (1994) for a long-term simulation in southern Alberta, but 170 
much lower than the 60%  suggested for spring wheat in the NGP (Godwin et al., 1990) and the 171 
calibrated value of 40% for spring wheat in Saskatchewan, Canada (Chipanshi et al., 1997).  172 
Because the anthesis or maturity dates were not recorded, we first used estimated phenology 173 
dates from the North Dakota Agricultural Weather Network (NDAWN) for spring wheat planted 174 
at Sidney, MT during 2004-2010, and subsequently adjusted the thermal units (P1-p4) required 175 
in the vegetative stages, along with the grain filling during (P5), to get an average growing 176 
season length of 106 days after planting (DAP) which was reported by Talbert et al. (2001). 177 
Selecting the default ecotype of DS3585 in the CERES-Wheat ecotype database in general 178 
produced simulated phenology dates close to those estimated by NDAWN. The values for P1, 179 
P2, P3, P4, and P5 were finally set as 400, 350, 160, 300, and 400 °C day, respectively, with 180 
some values comparable to results for winter wheat in Thorp et al. (2010). The thermal unit of 181 
interval between successive leaf tip appearances (PHINT) was set equal to 100 to get simulated 182 
7-8 leaves.                183 
 After calibration of the crop development parameters, efforts were made to adjust other crop 184 
growth and yield parameters. The PARUV and PARUR, the conversion rates of 185 
photosynthetically active radiation to dry matter at the vegetative and reproductive stages, 186 
respectively, were adjusted manually to obtain a good fit with measured biomass and average 187 
measured harvest index of 0.36. Both parameters were set at 2.2 after several iterations with 188 
grain yield calibration because the biomass accumulated during vegetative growth and grain 189 
yield at maturity were interactively influenced by each other. The CERES-Wheat model predicts 190 
kernel number per head based on the stem weight at anthesis. In the crop yield component, the 191 
parameter G3 which controls the mortality/abortion rate of tillers under water and heat stress 192 
was set equal to 1.5 to better fit the observed average number of harvest tillers. The G1 and G2 193 
parameters directly affect grain yield in the CERES-Wheat model. G1 controls the kernel 194 
number per unit canopy weight at anthesis and G2 is the standard kernel size under optimum 195 
condition. Kernel weight at harvest was measured in this study, with values ranging from 12.7 196 
mg per kernel in an NTC plot in 2008 to 40.2 mg per kernel in another NTC plot in 2009. 197 
Theoretically, G2 should be set greater than the observed maximum value of 40.2 mg per 198 
kernel. Attempts were made to simulate yield with an optimum kernel size value greater than 199 
40.2 mg per kernel, but the kernel size was consistently overestimated for all years. To get a 200 
reasonable simulation in yield with a large kernel size, the kernel number (G1) had to be set 201 
equal to an extremely low value which was out of the lower range of 15-30 kernels per unit gram 202 
weight of canopy in Ma et al. (2011). Therefore, in this study, we used the measured average 203 
kernel size of 30 mg per kernel to get a reasonable simulation in kernel number and yield at 204 
harvest. G1 was thereafter set at 15.8 kernels per unit of canopy weight for better grain yield 205 
simulation. 206 
Statistical Analysis 207 
A number of statistical methods were used to quantify the goodness-of-fit of simulated data with 208 
observed information. In this study, we used percent bias (PBIAS), Nash-Sutcliffe efficiency 209 
(NSE), root mean squared deviation (RMSD, also known as root mean squared error), root 210 
mean squared deviation to mean standard deviation of observed values ratio (RSR). These 211 
statistics are defined by: 212 
 213 
                                                              (1) 214 
                                                  (2) 215 
                                                         (3) 216 
                                        (4)     217 
 where n is the number of observations, m is the number of replicates in each observation, Pi is 218 
the model predicted value in the ith year, Oi is the average observed value in the ith year, Oij is 219 
the observed value in the jth replicates in the ith year, and (SD) ̅ is the mean of standard sample 220 
deviation of replicates in each year.  221 
It is always difficult to justify whether the model performance is acceptable/satisfactory based on 222 
the values of statistics. Because one of the objectives of this study is to simulate the differences 223 
under various treatments, the model performance is considered acceptable when the simulation 224 
results reflect the measured treatment differences, as stated in Ma et al. (2011). For specific 225 
components of the simulation, such as yield, biomass, and soil water content, the criteria to 226 
justify the goodness-of-fit were set in accordance with the literature. In this study, model 227 
performance was defined “acceptable” when PBIAS was within ±15% (Ritchie et al., 1998; 228 
Hanson et al., 1999; Ahuja et al., 2000), NSE > 0.5 (Moriasi et al., 2007), and RSR ≤ 1.5. The 229 
RSR limit indicates that the simulated error is less than 1.5 times of experiment error when RSR 230 
≤ 1.5.   231 
Model Application to an Extended Climate 232 
A 50-year weather data set (1961-2010) for Sidney, MT was used to assess the long-term 233 
impacts of current management practices (CTC, CTE, NTC, and NTE) on spring wheat yield 234 
production. The 50-year weather data were collected from various sources (Table 3). For the 235 
years from 2000 to 2010, all the weather information needed to drive RZWQM2 was site-236 
specifically measured and downloaded from the NPARL website. For years of 1961-99, 237 
precipitation, air temperature, and solar radiation for Sidney, MT were downloaded from the 238 
National Climate Data Center (NCDC, Global and US Daily Surface Data) and National Solar 239 
Radiation Data Base (NSRDB). The wind speed and relative humidity for Sidney, MT during 240 
1961-99 were obtained from the closest neighboring site at Williston, ND, which is 60 km from 241 
Sidney, MT, also available at the NCDC Climate Data Online website. The relative humidity was 242 
calculated from dew point temperature, and daily maximum and minimum air temperature using 243 
Equation 14 and 19 in Chapter 3 in FAO Irrigation and Drainage Paper 56 (Allen et al, 1998). 244 
Solar radiation data for Sidney, MT was available only from 1991 on and for the years of 1961-245 
90 the solar radiation at a neighboring site at Glasgow, MT was used. Glasgow is the closest 246 
site that has the best quality of data (Class I site as listed at NSRDB website). Before being 247 
input into the model, quality control was done for all the data by plotting them versus date to 248 
examine outliers and by calculating annual averages or sums to identify unusual trends. 249 
We used the calibrated model and long-term weather data to compare crop yield under 250 
continuous wheat-wheat and wheat-fallow. For the wheat-fallow cropping system, we simulated 251 
both wheat-fallow and fallow-wheat rotations and presented as averages of the two rotations. 252 
The calibrated model was also used to determine optimal planting dates and an optimal seeding 253 
rate for spring wheat in Sidney, MT by running the calibrated model for 50 years (1961-2010) 254 
with planting dates varying from February 20 to May 20 each with an interval of 10 or 11 days 255 
and seeding rate ranging from 1.73 × 106 seeds ha-1 to 1.48 × 107 seeds ha-1. Net return was 256 
calculated by subtracting seed cost from grain yield income, for use in calculating optimum 257 
seeding rate. We assumed the wheat grain price at $0.28 kg-1 ($7.70 bu-1) and the price of 258 
hard red spring wheat seed at $0.52 kg-1 ($14.0 bu-1) based on the local prices reported for 259 
March, 2011 (USDA-NASS, 2011b). 260 
 Results and Discussion 261 
Model Calibration (2004-2010) 262 
Simulated soil water content and total soil water storage for the calibration treatment (CTC) 263 
were in good agreement with neutron probe measured values. Figure 1 illustrates the simulated 264 
and measured soil water content and soil water storage from Apr 10 to Nov 1 in each year; and, 265 
the statistics for all the treatments are given in Table 4. Although for some individual soil layers 266 
there were a few low NSE and high RSR values, soil water storage was simulated very well with 267 
PBIAS within ±5%, NSE > 0.50, and RSR < 1.5. For soil water content in each individual soil 268 
layer, the PBIAS was within ±10%, and the NSE was generally close to or greater than 0.50. 269 
The statistical results were comparable to stand alone CERES-Wheat under an irrigated 270 
condition (Thorp et al., 2010), and were much better than previously reported for CERES-Wheat 271 
used to simulate winter wheat under dryland conditions in Colorado (Saseendran et al., 2004).    272 
The simulation of water content in the soil surface layer (0-30 cm) was worse than that of 273 
deeper soil layers, which may be due to measurement error of the neutron probe. The neutron 274 
probe was placed at a depth of 23 cm for the soil surface layer, but measured soil water content 275 
at this depth cannot represent the moisture in the top 10 cm soil. Due to the limitation of neutron 276 
probes in measuring water content in the top soil layer, penetrative probes or shallow buried 277 
sensors should be used as complements to measure water content in top soils (Qi et al., 278 
2011a). Also many interacting factors affect the simulation of first soil layer water content, such 279 
as surface energy dynamics. In addition to climate effects, the energy dynamics must be 280 
accurately represented by residue coverage which was not measured in this study.  281 
The calibrated crop parameters are given in Table 5. The simulated phenology dates, although 282 
not measured, are within a reasonable range. The simulated spring wheat growing season from 283 
planting to maturity was 107 days when averaged over the 7 years (2004-10), close to the 284 
observed 106 DAP from field observation on 12 hard red spring wheat cultivars in Montana 285 
(Talbert et al., 2001). Our grain filling duration is not comparable to that listed in Talbert et al. 286 
(2001), because in CERES-wheat the grain fill starts after anthesis while in Talbert et al. (2001) 287 
the grain filling was considered starting at heading, but the heading date is not an output of 288 
CERES-wheat. On average, the simulated maturity date was 8 days prior to recorded harvest 289 
date. The average simulated emergence date was 10 DAP, close to the 11 DAP predicted by 290 
NDAWN. Simulated tiller number at harvest was 351 m-2, about 5% less than the actual 291 
observed harvest tiller of 368 m-2 over all the calibration years in 2004-2010.  292 
The grain yield was simulated well for the calibration treatment, but the biomass was not 293 
predicted adequately based on the calculated statistics. The simulated versus observed grain 294 
yield and total above ground biomass for the calibration CTC treatment is depicted in Figure 2. 295 
The average simulated yield was 2295 kg ha-1, 4.6% lower than the observed yield of 2405 kg 296 
ha-1 from 2004 to 2010. The NSE and RSR values were 0.78 and 0.61, respectively, indicating a 297 
good simulation of yield. Although the simulated total above ground biomass was only 0.7% 298 
lower than the observed average biomass of 6378 kg ha-1 when averaged over the 7 years, the 299 
RSR was less than 1.5, and the NSE, however, was only 0.38, indicating an unacceptable 300 
performance in total biomass simulation according to the criteria set in this study. The average 301 
simulated harvest index was 0.36, close to the average observed value of 0.37 over all years. 302 
However, the observed harvest index showed a wider range, with the highest value of 0.46 in 303 
2009 and the lowest value of 0.31 in 2006, while the highest simulated harvest index was 0.40 304 
in 2006 and 2007 and the lowest value of 0.33 in 2009.  305 
 Model Validation (2004-2010) 306 
The statistics on soil moisture simulation for the validation treatments of CTE, NTC, and NTE 307 
showed similar trends to those for the calibration treatment, with good agreement in total soil 308 
water storage, though unsatisfactory performance for some individual soil layers (Table 4). For 309 
the validation of ecological management treatments using the plant parameters from the 310 
calibration, the simulated average growing length of spring wheat was 95 days, 12 days shorter 311 
than the conventional management which was planted 24 days earlier on average. Simulated 312 
tiller number was 367 m-2 at harvest, within 5% error from the observed value of 374 m-2 for 313 
the ecological treatment. 314 
For the validation treatments, the model performed similarly to the calibration CTC treatment in 315 
terms of grain yield and biomass prediction. The yield was simulated reasonably well with 316 
PBIAS < 15%, NSE ≥ 0.65, RSR < 1.5, and RMSD < 500 kg ha-1 (Table 6). In a dryland study in 317 
Kansas, Staggenborg and Vanderlip (2005) reported much larger error for grain yield simulation 318 
by CERES-Wheat that was reported with 10% and 22% for PBIAS and 1477 and 1439 kg ha-1 319 
for RMSD. The CERES-Wheat model did not perform as well under the semiarid dryland 320 
conditions in this study as it did  in the more humid area of the United Kingdom (Bannayan et 321 
al., 2003) or under irrigated conditions in arid Arizona (Thorp et al., 2010). In our study, the 322 
performance of the RZWQM2 model in simulating spring wheat yield was comparable to what 323 
was found in Bannayan et al. (2003) and Thorp et al. (2010), and better than the models used 324 
by Toure et al. (1994) who reported PBIAS ranging from -52% to 43%.  325 
The simulated harvest index was 0.36 averaged across all validation treatments, close to the 326 
observed values of 0.33, 0.34, and 0.37 for CTE, NTE, and NTC, respectively. However, in this 327 
study the performance of the RZWQM2 model was not acceptable in simulating total above 328 
ground biomass at harvest. Although the PBIAS values were within ±15%, the RSR values were 329 
greater than 1.5 in all validation treatments, the NSE values were less than 0.4, with negative 330 
values for CTE and NTE treatments (Table 7). A consistent underestimation of biomass was 331 
found in 2006 and 2007 for all treatments with a range from -18% to -52%. One reason might be 332 
the high sampling error due to limited number (two) of small quadrats in each plot sampling in all 333 
years. For example, the total above ground biomass in the three replicate plots for the CTE 334 
were 7547, 2324, and 1328 kg ha-1 in 2004, leading to a coefficient of variance (ratio of standard 335 
deviation to mean) of 89%.  336 
Ma et al. (2011) stated that the performance of a model may be considered acceptable when it 337 
responds correctly to the differences among treatments. Although the above ground biomass 338 
was not well simulated according to statistical analyses used in this study, both simulated yield 339 
and biomass responded correctly to the treatment differences. Field data analysis showed that 340 
the impact of tillage on yield and biomass was not evident while they were significantly 341 
influenced by management (planting date confounded with seeding rate, p<0.05). Average grain 342 
yields in the conventional and ecological management systems were 2438 versus 1870 kg ha-1 343 
for the field observation, and 2280 versus 1890 kg ha-1 for the simulation. For grain yield, 344 
simulated reduction due to ecological treatments was 17.1% in comparison to conventional 345 
treatments that were close to the observed reduction of 23.3%. For biomass, the simulated and 346 
observed reduction due to ecological treatments was 16.7% and 16.0%, respectively, when 347 
compared with the conventional management. The model performed well in capturing the low 348 
yield and biomass in the dry year, which is essential for model application in dryland conditions. 349 
Although the low yields were consistently overestimated, the simulated yield and biomass in the 350 
dry year 2008 were much less than those simulated in other years, thus matching the observed 351 
trends. 352 
 Water and Temperature Effects (2004-2010) 353 
A useful application of the agricultural system model is to aid in identifying and analyzing cause 354 
and effect relationships. In this study, plant-available soil water was found to be a major factor in 355 
affecting yield rather than soil nitrogen. Both field observations and simulations showed high 356 
yield in wet years (i.e. 2010) and low yield in dry years (i.e. 2008). The simulation showed no 357 
nitrogen stress for all years, which was supported by field observations. In 2009 and 2010 when 358 
the N application was about 50 kg ha-1, approximately 50% of N applied in other years, 359 
observed data indicated that yields at low N rate in 2009 and 2010 were comparable to high N 360 
rate with similar rainfall pattern in 2004 and 2005.  361 
The model can also help understand the impact of rainfall and temperature on crop production. 362 
Figure 3 depicts the daily rainfall from April to August, cumulative growing degree days since 363 
planting, and simulated values of accumulation and phenology in 2004, 2006, and 2008 for the 364 
NTC and NTE treatments under no-till as an example. In 2008, the total rainfall during the 365 
growing season from April to August was 12.4 cm, about 50% of the long-term average. The 366 
extreme low rainfall in 2008 translated to an extreme low biomass accumulation (Table 7). The 367 
rainfall distribution pattern or timing also affected the crop growth. During the growing season in 368 
2006, the total rainfall was 24.8 cm, similar to that in 2004. However, simulated total above 369 
ground biomass at harvest in 2006 was 54% of that in 2004 for NTC and 46% for NTE due to a 370 
long dry period from mid-June to early-August in 2006.     371 
Figure 3 also shows temperature effects on the duration of crop growth. The slope of the 372 
cumulative growing degree days was steeper in 2006 than in 2004. For example, for the NTC 373 
treatment, the cumulative GDD on August 31, 2006 was 2434 ˚C days since planting, while in 374 
2004 it was 2024 ˚C days, which was 16.8% lower than that in 2006, though the planting date in 375 
2006 was later than that in 2004. This indicates a warmer temperature during the growing 376 
season in 2006. The average temperature during April through August in 2004 was 14.1 ˚C 377 
while it was 17.5 ˚C in 2006. The 3.4 ˚C increase in temperature in 2006 resulted in a 378 
significantly shorter growing period in 2006. For the NTC treatment, the simulated maturity date 379 
in 2004 was 114 DAP while it was 93 DAP in 2006.  380 
Model Application (1961-2010) 381 
Long-term yield 382 
Weather data analysis indicated that the spring growing season in the recent 10 years was 383 
relatively dry and cool at Sidney, MT (Table 8). April to August precipitation in 2001-2010 384 
averaged 21.4 cm, about 2 cm less than the 50-year average. The average maximum 385 
temperature in that decade was 15.7 C, slightly lower than the long-term average (Sainju et al., 386 
2011). In general, comparing with the long-term averages (1961-2010), the weather was wet 387 
and cool in 1961-1970, wet and warm in 1991-2000, and dry and warm in 1981-1990.  388 
 The simulated long-term average grain yield of spring wheat was 1813 kg ha-1 across all 389 
treatments from 1961 to 2010 (Table 9). The long-term average yield with conventional 390 
management (1887 kg ha-1, average of yields in CTC and NTC in Table 9) was higher than the 391 
long-term yield previously reported at three sites (1513, 1589, and 1829 kg ha-1 from 1960 to 392 
1990) in Saskatchewan, Canada (Chipanshi et al., 1997).  The average simulated yield from 393 
1961 to 2010 indicated a minimal impact of tillage, which is similar to findings in field experiment 394 
and short-term simulation in 2004-10. However, the long-term simulation (1961-10) showed that 395 
ecological management led to a yield reduction of 7.8% in comparison to conventional 396 
management. This percentage was different from the findings in the short-term (2004-10) field 397 
experiment (23.3%) and simulation (17.1%).  The yield difference in management treatments in 398 
 2001-2010 was close to the short-term simulation, while in other years the yield reduction due to 399 
ecological management was less pronounced. A yield increase in ecological management 400 
treatments during 1991-2000 due to high growing season precipitation was also simulated. The 401 
simulated yield was lower in the driest and warmest years (1981-1990) and higher in the wettest 402 
and coolest years (1961-1970). This suggests that a long-term simulation is helpful in 403 
interpreting impacts of agronomic management when field experiments are conducted for a 404 
limited number of years as models can take into account climate variability and complexity of 405 
weather patterns. It also highlights the importance of studies on the impact of future climate 406 
change on dryland crop yield because a slight difference in precipitation and/or temperature will 407 
lead to a significant change in grain yield.   408 
For this continuous spring wheat system, the probability of simulated low yield range (< 1200 kg 409 
ha-1) was not significantly different among all treatments. However, the probability of simulated 410 
high yield (1200-2800 kg ha-1) was consistently higher for conventional management to obtain a 411 
higher yield (Figure 4). This suggests that during very dry years, the management effect on 412 
wheat yield is not evident; for the average and wet years, the simulated yield under the 413 
conventional treatment significantly exceeds that under the ecological treatment.    414 
The analysis showed a large deficit in water supply to spring wheat under this dryland condition 415 
(Table 10). The calculated potential ET during spring growing season (April – August) was 55.8 416 
cm, while the simulated water consumption of spring wheat during this period was 23.5 cm, 417 
accounting for 42% of the potential water need. This suggests that, to meet 100% of the 418 
potential ET, the spring wheat should be irrigated with an additional 32.3 cm water during the 419 
growing season in this region. During the growing season, the sum of water consumption by 420 
wheat and water loss through seepage and runoff exceeded the total precipitation by 5.3 cm, 421 
indicating a soil water storage decrease during the growing season. In other words, 5.3 cm of 422 
water used by the crop ET was supplied by soil water storage, which accounted for 23% of the 423 
water use during the growing season. The decreasing trend of soil water storage during the 424 
spring wheat growing season was seen consistently in the recent field experiment years (Figure 425 
1). The annual water balance in Table 10 indicates that the actual ET (23.5 cm) of spring wheat 426 
during the growing season was about 70% of the annual precipitation, while the remaining 30% 427 
of precipitation was lost through soil evaporation, deep seepage, and surface runoff.       428 
Wheat-fallow versus wheat-wheat 429 
The long-term simulation indicates that the wheat-fallow system would increase wheat grain 430 
yield in the wheat growing years. The long-term average yield over all treatments when fallowed 431 
every other year was 2062 kg ha-1 (Table 11), 249 kg ha-1 (13.7%) higher than the long-term 432 
average yield of 1813 kg ha-1 (Table 9) in the continuous wheat system. However, because 433 
there was no crop growing in the fallow years, the annualized total average yield was half of the 434 
yield in wheat years. It translated to an annualized total average yield of 1031 kg ha-1 for the 435 
wheat-fallow system, 43.1% (782 kg ha-1) less than the annual yield for the continuous wheat-436 
wheat system. The probability analysis for the simulated long-term yield of wheat-fallow under 437 
different treatments showed a similar trend to the wheat-wheat system (Figure 4). To obtain the 438 
same yield, the probability was much lower for the wheat-fallow than for the wheat-wheat 439 
system due to fallow every other year.  440 
The comparison of simulated values for hydrology components suggests that fallow every other 441 
year contributed little to plant available water in the following year under the dryland conditions 442 
in Sidney, MT. Considering 34.5 cm precipitation in the fallow year, 9.4% (3.2 cm) was lost to 443 
surface runoff, 31.9% (11.0 cm) to soil evaporation, and 45.2% (15.6 cm) to deep percolation 444 
(Table 11). Only 12.1% (4.2 cm) of the total precipitation was carried over to the next wheat 445 
year. The simulated actual crop ET was 28.5 cm in the wheat growing years after one year 446 
 fallow, 1.7 cm higher than the 26.8 cm simulated for the continuous wheat rotation (Table 10). 447 
Therefore, among the 4.2 cm water carried over from the fallow years, only 1.7 cm water was 448 
actually used by crop.  It indicates that with 1 cm increase of water consumption by spring 449 
wheat, the yield increased by 146 kg ha-1 (2062 versus 1813 kg ha-1). This relationship is close 450 
to the findings in field experiments conducted by Brown et al (135 kg ha-1 cm-1, 1981) and 451 
Nielsen et al (140 kg ha-1 cm-1, 2002) in North and Central Great Plains. The rest of the carry-452 
over water (2.5 cm) from the fallow years was lost through deep seepage in the wheat growth 453 
year. This in combination with lower annualized yields makes the wheat-fallow system less 454 
efficient from a productivity standpoint.   455 
Optimum planting date and seeding rate 456 
The simulation in grain yield with long-term weather data (1961-10) at various planting dates 457 
suggests that the optimum planting dates should be between March 1 and April 10 (Figure 5). 458 
The simulated yield within this planting window was high and stable, from 2047 to 2087 kg ha-1 459 
on average. If planted after April 20, the grain yield drops dramatically, from 1901 kg ha-1 on 460 
April 20 to 1629 kg ha-1 on May 20. It should be noted that although the simulated spring wheat 461 
yield planted between March 1 and April 20 showed a higher yield than later planting dates, field 462 
trafficability should be taken into account because soil moisture was higher during the early 463 
spring and soils typically would be frozen. The traditional planting date for spring wheat in this 464 
region has been mid- to late-April, which are out of the optimum planting date simulated by 465 
RZWQM2 model. This simulation study showed that farmers may plant wheat 2-4 weeks earlier, 466 
if possible, to secure an optimum yield.       467 
The simulation also indicates that crop revenue reached a maximum at a seeding rate of 3.71 × 468 
106 seeds ha-1 for conventional management and 3.95 × 106 seeds ha-1 for ecological 469 
management. Although the crop yield kept increasing with increased seeding rate, the cost of 470 
seed increased as well, which reduced marginal revenue (Figure 6). Of note is that in Figure 6 471 
the calculation of revenue was the difference of crop yield income and seed cost. Other capital 472 
costs such as machinery and labor were not considered, because we assumed them to be fixed 473 
under various seeding rates. This suggests that the current seeding rate used for the 474 
conventional management (2.22 × 106 seed ha-1) could be increased to target higher revenue. 475 
However, since this calculation is based on prices for March, 2011 (USDA-NASS, 2011b. $0.28 476 
kg-1 for wheat grain and $ 0.52 kg-1 for the wheat seed), the optimum seeding rate may change 477 
according to fluctuations in market input cost and output returns.   478 
Conclusions 479 
The RZWQM2 model adequately simulated soil water content and soil water storage for the 480 
continuous spring wheat under various tillage methods, planting dates, and seeding rates in 481 
2004-10 at the Rasmussen site near Sidney, MT. The crop yield simulations were acceptable as 482 
well according to statistical analyses of PBIAS, NSE, and RSR.  Although the experimental 483 
observed total above ground biomass from sampling of two small quadrats was poorly 484 
predicted, the model captured treatment differences well. In general, the performance of the 485 
RZWQM2 in simulating soil water and crop growth was acceptable in this study. The model 486 
showed inevident impacts of tillage and significant reduction in grain yield and biomass under 487 
ecological management, in agreement with observed differences among treatments. The 488 
simulation showed that, aside from growing season rainfall, the rainfall distribution and small 489 
differences in air temperature may significantly affect crop yield. It suggests that global changes 490 
in rainfall and temperature may lead to significant yield loss in the future.  491 
The simulated long-term yield loss in the ecological treatments comparing with conventional 492 
management (which may be mainly due to late planting) was 7.8%, which is much less than the 493 
 short-term observed and simulated yield losses of 23.3% and 17.1%. It confirms the significance 494 
of using models and long-term weather data to extend the results of limited years of field 495 
experimentation. Such an extension requires that the model be calibrated and validated on the 496 
original field experiment. When fallowing every other year, the average spring wheat yield was 497 
249 kg ha-1 (13.7%) greater than average continuous wheat yield in the wheat year. However, 498 
the annualized average total yield was 782 kg ha-1 (43.1%) less than average continuous wheat 499 
yield due to zero yield in the fallow year. The contribution of the rainfall in the fallow year to the 500 
crop water use in the following wheat year was very small (1.7 cm), with most of the water lost 501 
through deep drainage and soil evaporation. Therefore, the spring wheat-fallow system was 502 
found to be less productive than continuous spring wheat. However, continuous cropping 503 
systems are prone to weed infestation and require mechanical tillage or chemical weed control 504 
to maintain productivity. When the model was run over a wide range of planting dates and 505 
seeding rates over the 50 years, the results showed that the optimal planting dates were 506 
between March 1 and April 10, and the seeding rate with the highest economic return was 507 
simulated as 3.71 × 106 seeds ha-1 for conventional management and 3.95 × 106 seeds ha-1 for 508 
ecological management.  This is assuming no yield loss due to weed infestation.   509 
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 634 
Figure 1. Observed and simulated soil water content and soil water storage under spring wheat 635 
at Sidney, MT for the calibration CTC treatment. Simulations done with RZWQM2 with CERES-636 
wheat. 637 
  638 
Figure 2. Observed and simulated yield and biomass under spring wheat at Sidney, MT for the 639 
calibration CTC treatment. Simulations done with RZWQM2 with CERES-wheat. Error bars 640 
represent ±1 standard deviation. Unit of RMSD is kg ha-1. 641 
  642 
Figure 3. Daily rainfall during the growing season, growing degree days since planting, 643 
simulated biomass accumulation, and essential phenology dates in 2004, 2006, and 2008 for 644 
conventional and ecological management (both no-till) of spring wheat at Sidney, MT. 645 
Simulations done with RZWQM2 with CERES-wheat. 646 
  647 
Figure 4. Probability distribution of simulated long-term (1961-2010) spring wheat yield with 648 
wheat-wheat and wheat-fallow cropping systems under different treatments at Sidney, MT. The 649 
simulated yield for wheat-fallow was subsequently annualized using the yield in wheat years 650 
divided by 2. Simulations done with RZWQM2 with CERES-wheat. 651 
652 
  653 
Figure 5. Simulated average spring wheat grain yield over 1961-2010 at various planting dates 654 
at Sidney, MT. Simulations done with RZWQM2 with CERES-wheat. 655 
  656 
  657 
Figure 6. Average spring wheat grain yield and economic return (crop income – seed cost) at 658 
various seeding rate in 1961-2010 as simulated by RZWQM2 with CERES-wheat. Assuming 659 
seed weight 30mg per kernel, price $0.52 kg-1 ($14.2 bu-1), and wheat grain price of $0.28 kg-1 660 
($14.2 bu-1) based on the local prices reported for March 2011 by USDA-NASS (2011b).  661 
662 
 Table 1. Spring wheat planting and harvest dates, and seeding rates for conventional and 663 
ecological management treatments at Sidney, MT. 664 
YEAR 
Conventional  Ecological 
Planting Harvest  Planting Harvest 
2004 4/21/2004 8/18/2004  5/14/2004 8/23/2004 
2005 4/18/2005 8/23/2005  5/16/2005 8/23/2005 
2006 4/27/2006 8/7/2006  5/18/2006 8/14/2006 
2007 4/25/2007 8/4/2007  5/17/2007 8/11/2007 
2008 4/15/2008 8/10/2008  5/7/2008 8/10/2008 
2009 4/11/2009 8/11/2009  5/5/2009 8/31/2009 
2010 4/16/2010 8/11/2010  5/14/2010 8/11/2010 
Seeding 
rate (seeds 
ha-1) 
2,224,000  2,964,000 
 665 
666 
 Table 2. Measured soil bulk density and texture, and calibrated hydraulic properties of Williams 667 
loam soil near Sidney, MT. 668 
Depth BD† Sand Silt Clay hb  Ksat Soil Water Content (cm3 cm-3) 
(cm) (g cm-3) (%) (%) (%) (cm) λ (cm h
-
1) θr θs θ10 θ33 θ1500 
0-12 1.36 0.37 0.31 0.32 2.5 0.22 0.525 0.075 0.487 0.258 0.215 0.136 
12-34 1.37 0.33 0.28 0.39 7.5 0.20 0.550 0.075 0.483 0.321 0.269 0.167 
34-53 1.39 0.30 0.26 0.44 8.1 0.20 0.549 0.090 0.475 0.323 0.273 0.175 
53-76 1.47 0.32 0.26 0.42 10 0.19 0.550 0.090 0.445 0.319 0.272 0.178 
76-107 1.55 0.34 0.26 0.40 25 0.15 0.174 0.090 0.396 0.339 0.298 0.207 
107-120 1.60 0.34 0.26 0.40 35 0.14 0.174 0.090 0.396 0.356 0.316 0.225 
120-137 1.60 0.34 0.26 0.40 35 0.13 0.174 0.090 0.396 0.357 0.318 0.228 
137-149 1.60 0.34 0.26 0.40 35 0.13 0.050 0.090 0.396 0.357 0.318 0.228 
†BD = bulk density, hb = bubbling pressure, λ = particle size distribution index, Ksat = saturated 669 
hydraulic conductivity, θr = residual soil water content, θs = saturated soil water content, θ10 = 670 
soil water content at 10 kPa, θ33 = soil water content at 33 kPa, θ1500 = soil water content at 671 
1500 kPa. Brooks and Corey equation: , where , hc is the 672 
pressure at soil water content θ.673 
 Table 3. Sources of the 50-year weather data from 1961-2010 for Sidney, MT. 674 
Year Precipitation and 
temperature 
Wind speed and relative 
humidity 
Solar radiation 
1961-1990 Sidney, MT Williston, ND Glasgow, MT 
 NCDC† NCDC NSRDB‡ 
1990-1999 Sidney, MT Williston, ND Sidney, MT 
 NCDC NCDC NSRDB 
2000-2010 Sidney, MT Sidney, MT Sidney, MT 
 Site-specific Site-specific Site-specific 
†NCDC: National Climate Data Center; ‡NSRDB: National Solar Radiation Data Base. 675 
676 
 Table 4. Statistics for comparison of modeled and observed soil water content and total soil 677 
water storage for the calibration (CTC) and validation (CTE, NTC, and NTE) treatments of 678 
spring wheat at Sidney, MT using RZWQM2 with CERES-wheat. 679 
Treatment Statistics 
Soil water content (cm3 cm-3) Total soil 
water 
storage 
(cm) 
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 
CTC† Average 0.23 0.24 0.24 0.29 0.31 30.2 
 PBIAS# -1.7% -5.9% 1.3% -2.5% -1.0% -2.0% 
 NSE†† 0.42 0.61 0.67 0.56 0.38 0.65 
 RMSD‡‡ 0.048 0.038 0.030 0.020 0.019 3.0 
 RSR††† 1.66 1.22 0.96 0.75 0.92 0.88 
CTE‡ Average 0.24 0.25 0.26 0.28 0.30 31.1 
 PBIAS -2.2% -6.1% -3.5% 1.6% 3.4% -1.3% 
 NSE 0.29 0.47 0.59 0.61 0.39 0.56 
 RMSD 0.046 0.041 0.033 0.025 0.026 3.263 
  RSR 1.59 1.56 1.18 1.00 1.19 1.03 
NTC§ Average 0.24 0.23 0.25 0.29 0.30 30.2 
 PBIAS -3.3% -4.6% -4.4% -2.7% 0.1% -3.1% 
 NSE 0.54 0.82 0.65 0.42 -0.04 0.76 
 RMSD 0.039 0.024 0.032 0.030 0.020 2.440 
 RSR 1.89 0.62 0.93 1.59 1.29 0.81 
NTE¶ Average 0.25 0.23 0.23 0.28 0.31 31.0 
 PBIAS -6.3% -0.4% 5.7% 3.2% -1.7% -0.3% 
 NSE 0.51 0.66 0.62 0.51 0.59 0.74 
 RMSD 0.043 0.039 0.038 0.030 0.017 2.84 
  RSR 2.44 1.64 1.72 0.73 0.56 0.89 
†CTC: conventional tillage & conventional management; ‡CTE: conventional tillage & ecological 680 
management; §NTC: no-till & conventional management; ¶NTE: no-till & ecological 681 
management. #PBIAS: percent bias; ††NSE: Nash-Sutcliffe efficiency; ‡‡RMSD: root mean 682 
standard deviation; †††RSR, RMSD to standard deviation ratio.  683 
 Table 5. Calibrated parameter values for spring wheat development, growth, and yield at 684 
Sidney, MT for use with RZWQM2 with CERES-wheat. 685 
Parameter† Description Value   
Crop development     
P1 Duration of phase end juvenile to double ridges (degree C day) 400  
P1V Days at optimum vernalization temperature required to complete veralization 0  
P1D Percentage reduction in development when photoperiod is 10 hours less than the threshold (20h) relative to that at threshold (%) 21  
P2 Duration of phase double ridges to end leaf growth (degree C day) 350  
P3 Duration of phase end leaf growth to end spike growth (degree C day) 160  
P4 Duration of phase end spike growth to end grain fill lag (degree C day) 300  
P5 Grain filling phase duration (degree C day) 400  
PHINT Interval between successive leaf tip appearances (degree C day) 100  
Crop growth and yield   
PARUV PAR conversion to dry matter ratio, before last leaf stage (g/MJ) 2.2  
PARUR PAR conversion to dry matter ratio, after last leaf stage (g/MJ) 2.2  
G1 Kernel number per unit canopy weight at anthesis (#/g) 15.8  
G2 Standard kernel size under optimum conditions (mg) 30  
G3  Standard non-stressed dry weight (total including grain) of a single tiller at maturity 1.5   
†The ecotype of DS3585 was used in the WHCER.ECO file.686 
 Table 6. Observed and simulated wheat grain yield for all validation treatments (kg ha-1) at 687 
Sidney, MT. Simulations done with RZWQM2 with CERES-wheat. 688 
Year CTE†   NTC‡   NTE§ 
 Obs (SD¶) Sim  Obs (SD) Sim  Obs (SD) Sim 
2004 1925 (1366) 2587   3833 (1003) 3150   3318 (1104) 2573 
2005 2310 (264) 2531  2657 (1168) 2731  2687 (375) 2510 
2006 1369 (100) 1323  1989 (330) 1974  1562 (131) 1290 
2007 1701 (122) 1622  2642 (304) 2329  1840 (300) 1579 
2008 167 (25) 708  546 (207) 773  336 (258) 693 
2009 2298 (372) 2055  2775 (324) 1797  2549 (254) 1968 
2010 1987 (106) 2537   2852 (360) 3100   2131 (191) 2486 
Average 1680  (336) 1909   2471  (528) 2265   2060  (373) 1871 
PBIAS   13.7%   -8.3%    -9.2% 
NSE   0.65    0.73    0.76 
RSR   1.20    0.92    1.16 
RMSD     405      484       434 
†CTE: conventional tillage & ecological management, ‡NTC: no-till & conventional 689 
management; §NTE: no-till & ecological management. ¶SD: standard deviation.690 
 Table 7. Observed and simulated total above ground biomass for all validation treatments (kg 691 
ha-1) at Sidney, MT. Simulations done with RZWQM2 with CERES-wheat. 692 
Year CTE†   NTC‡   NTE§ 
 Obs (SD¶) Sim  Obs (SD) Sim  Obs (SD) Sim 
2004 3733 (3340) 7666   8663 (2869) 9044   7128 (3434) 7630 
2005 4780 (640) 7038  6754 (1472) 7816  5826 (1382) 6949 
2006 6375 (643) 3611  8084 (1538) 4884  7396 (430) 3515 
2007 6603 (71) 3805  7450 (325) 5774  6830 (426) 3711 
2008 1082 (90) 2340  2141 (102) 2270  1573 (668) 2286 
2009 6155 (1582) 5455  6115 (574) 5470  6515 (684) 5249 
2010 6127 (492) 7085   6565 (578) 8402   5807 (613) 6924 
Average 4979 (980) 5286  6539 (1065) 6237  5868 (1091) 5181 
PBIAS   6.2%   -4.6%    -11.7% 
NSE   -0.62    0.34    -0.25 
RSR   2.41    1.51    1.89 
RMSD     2361      1609       2059 
†CTE: conventional tillage & ecological management; ‡NTC: no-till & conventional 693 
management; §NTE: no-till & ecological management; ¶SD, standard deviation. 694 
695 
 Table 8. The decade averages of the long-term (1961-2010) weather data for the spring wheat 696 
growing season (April to August) at Sidney, MT. 697 
Years 
Total 
precipitation 
Minimum 
temperature
Maximum 
temperature
Average 
temperature
Wind 
speed 
Solar 
radiation RH 
(cm) (˚C) (˚C) (˚C) (km d-1) (MJ m-2 d-1) (%) 
1961-1970 26.7 7.3 22.9 15.1 437 20.8 54.2 
1971-1980 22.9 7.8 23.7 15.7 395 21.2 54.7 
1981-1990 20.2 8.3 26.0 17.1 408 21.3 49.9 
1991-2000 26.3 8.1 24.7 16.4 364 20.8 56.4 
2001-2010 21.4 8.6 22.8 15.7 316 21.5 53.0 
Average 23.5 8.0 24.0 16.0 384 21.1 53.6 
698 
 Table 9. Simulated long-term (1961-2010) spring wheat grain yield at Sidney, MT. Simulations 699 
done with RZWQM2 with CERES-wheat. 700 
Years 
Yield (kg ha-1)     Yield difference (%) 
CTC† CTE‡ NTC§ NTE¶ Average   
Eco - 
Conv. No-till - Tilled 
1961-1970 2125 1934 2089 1895 2011   -9.1% -1.8% 
1971-1980 2044 1787 2002 1742 1894   -12.8% -2.3% 
1981-1990 1527 1373 1501 1343 1436   -10.3% -1.9% 
1991-2000 1803 1997 1775 1950 1881   10.3% -1.9% 
2001-2010 2006 1707 1993 1661 1842   -15.8% -1.6% 
Average 1901 1760 1872 1718 1813   -7.8% -1.9% 
†CTC: conventional tillage & conventional management; ‡CTE: conventional tillage & ecological 701 
management; §NTC: no-till & conventional management; ¶NTE: no-till & ecological 702 
management.703 
 Table 10. Long-term (1961-2010) average of simulated hydrologic components for spring wheat 704 
at Sidney, MT. Simulations done with RZWQM2 with CERES-wheat. 705 
Treat-
ment 
Precipi-
tation  Runoff 
Infil-
tration 
Actual 
evapo-
ration 
Actual 
transpi-
ration 
Actual 
ET 
Deep 
seepage   
Potential 
evapo-
ration 
Potential 
transpi-
ration 
Potential 
ET 
  ------------------------------------------------------ Jan - Dec -------------------------------------------------------------------------- 
CTC† 34.5 3.0 31.0 8.5 18.7 27.2 4.0  38.0 28.6 66.5 
CTE‡  3.0 31.0 8.9 17.8 26.7 4.5  41.1 28.7 69.8 
NTC§  3.1 30.9 8.3 18.7 27.0 4.0  34.9 28.6 63.5 
NTE¶  3.2 30.8 8.7 17.8 26.4 4.6  38.2 28.5 66.7 
Average 34.5 3.1 30.9 8.6 18.3 26.8 4.3   38.1 28.6 66.6 
 ------------------------------------------------------ Apr - Aug -------------------------------------------------------------------- 
CTC 23.5 1.8 22.0 5.2 18.7 23.9 2.9  27.3 28.6 55.8 
CTE  1.8 22.0 5.5 17.8 23.3 3.8  29.5 28.7 58.1 
NTC  1.9 21.8 5.0 18.7 23.7 2.9  24.9 28.6 53.4 
NTE  2.0 21.8 5.4 17.8 23.1 3.9  27.2 28.5 55.7 
Average 23.5 1.9 21.9 5.3 18.3 23.5 3.4   27.2 28.6 55.8 
†CTC: conventional tillage & conventional management; ‡CTE: conventional tillage & ecological 706 
management; §NTC: no-till & conventional management; ¶NTE: no-till & ecological 707 
management.708 
 2 
Table 11. Simulated yield and hydrologic components in a wheat-fallow cropping system during 1961-2010 at Sidney, MT. 
Simulations done with RZWQM2 with CERES-wheat. 
Yield and hydrology 
Wheat-fallow (WF)   Wheat-wheat   
(WW) 
  Difference in (WF-WW) 
Wheat-year Fallow-year Average     Difference % 
Yield (kg ha-1) 2062 0 1031  1813  -782 -43% 
Precipitation (cm) 34.5 34.5 34.5  34.5  0 0% 
Runoff (cm) 3.1 3.2 3.2  3.1  0 2% 
Infiltration (cm) 30.9 30.7 30.8  30.9  0 0% 
Actual evaporation (cm) 9.6 11.0 10.3  8.6  1.7 20% 
Actual transpiration (cm) 18.9 0.0 9.5  18.3  -8.8 -48% 
Act ET (cm) 28.5 11.0 19.8  26.8  -7.0 -26% 
Deep seepage (cm) 6.9 15.6 11.2  4.3  6.9 161% 
Potential evaporation (cm) 57.0 61.2 59.1  38.1  21.0 55% 
Potential transpiration 
(cm) 29.5 0.0 14.7  28.6  -13.9 -48% 
Potential ET (cm) 86.5 61.2 73.8   66.6   7.2 11% 
 
